Pierre Robin malformation is a rare craniofacial dysmorphism whose pathogenesis is multifactorial. Although there is some agreement in non-invasive treatment in less severe cases, the dispute is still open on cases with severe respiratory impairment. We present a semi-automatic novel diagnostic tool for calculating upper airway volume, in order to eventually address surgery in patients with Pierre Robin Sequence (PRS). Multidetector CT datasets of two patients and two controls were tested to assess the proposed method for ROI segmentation, upper airway volume computation and three-dimensional reconstructions. The experimental results show an irregular pattern and a severely reduced cross-sectional area (CSA) with a mean value of 8.3808 mm 2 in patients with PRS and a mean CSA value of 33.7692 mm 2 in controls (a CSA of about -75%). Moreover, the similarity indexes and sensitivity/specificity values obtained showed a good segmentation performance. In particular, mean values of Jaccard and Dice similarity indexes were 91.69% and 94.07%, respectively, while the mean values of specificity and sensitivity were 96.69% and 98.03%, respectively. The proposed tool represents an easy way to perform a quantitative analysis of airway volume and useful 3D reconstructions.
Introduction
Pierre Robin malformation is an uncommon craniofacial dysmorphism characterized by severe micro or retrognathia, gloss ptosis, respiratory obstruction, and a cleft palate 1 . The condition was first described in 1923 by the French dental surgeon Pierre Robin 2 as a syndrome. However, because of the dynamics of developing clinical events it is currently called PRS. Severe micro or retrognathia leads to abnormal backward displacement of the tongue often resulting in a cleft palate 1 , difficulties in breathing and feeding, ear infections and reduced hearing. PRS could also be associated with other severe craniofacial syndromes such as Stickler syndrome (40%) or velo-cardio-facial syndrome (15%) 3 . Genetic testing is highly recommended for these patients because the pathogenesis of this condition can be multifactorial and syndromic in nearly half of the occurrences of PRS 1, [4] [5] [6] [7] [8] .
Breathing impairment is a major problem in patients with PRS [9] [10] [11] . The assessment of the impairment is based on clinical parameters (episode of desaturation, spontaneously and during feeding and sleep) and growth of facial structures during the first two years of life [9] [10] [11] [12] . Many clinicians suggest treating mild cases with prone positioning using special "sniffing air" beds or other non-invasive respiratory support 13 . In cases of severe respiratory impairment surgery is required 14 . However, there is no widely recommended surgical treatment 14, 15 . Four major clinical or surgical options are available: nasopharyngeal airway 16 , tongue-lip went a craniofacial and neck multidetector CT (MDCT) study. The local ethical committee approved this retrospective study. The two PRS patients were submitted to MDCT examination for a preliminary evaluation of upper airway calibre and to exclude other cranial malformations. MDCT scans were performed with the following parameters: detector configuration 16×0.625 with a collimation of 10 mm and a pitch of 0.562:1 with 120Kv and 100mA, matrix size 512×512 pixels (CTDI vol 22.30 mGy; DLP 204.95 mGy*cm). All patients underwent MDCT mildly sedated in spontaneous breathing. The scan technique for controls was adopted for both brain and maxillofacial bones as the examinations were done for clinical reasons other than patency of the airway (Table 1) . 17 , floor-of-mouth release 18 , and distraction osteogenesis 19 . All these procedures have a severe impact on everyday life and significant morbidity 13 . In making a treatment decision a precise assessment of upper airway patency is crucial to avoid spontaneous desaturation or asphyxiation episodes during feeding and sleeping. This study proposes a segmentation tool, ad hoc developed and implemented, to assess more objectively the conductive capacity of the upper airways. The semi-automatic tool is based on an advanced region-growing approach for region of interest (ROI) extraction. In addition, it implements a powerful three-dimensional model for segmented airway reconstruction.
Materials and Method
Two PRS patients (1 male, 1 female, mean age 62 days, mean weight 2465 g) with severe respiratory impairment, and two controls (1 male, 1 female, mean age 47.5 days, mean weight 2440 g) with no craniofacial anomalies but with similar age, sex and weight under- Slices from the hard palate to the laryngeal plane obtained from the MDCT studies were processed using the proposed tool and developed in MATLAB (The MathWorksInc ® ) which allows upper airway segmentation, upper airway volume computation and 3D volume reconstruction.
The segmentation algorithm used is based on a dynamic region-growing procedure that exploits the different density of anatomical structures, resulting in a strong brightness contrast between the upper airways and surrounding tissues. The algorithm shows good performances in term of accuracy as demonstrated by the related Jaccard and Dice 20,21 similarity indexes and by sensitivity and specificity values. As shown in Figure 1 , the graphical user interface (GUI) developed is intuitive and allows slices of interest to be selected from the MDCT dataset and displays the segmented area of each slice and the overall resulting volume. The possibility to zoom/move the 3D model allows the physician to interact with the GUI and display details on the 3D volume-rendering (3D-VR) model from every point of view.
Interpolation was used to improve the 3D-VR reconstruction results but is obviously dependent on the original slice thickness. In particular, starting from two consecutive slices, interpolation produces a third slice that will be positioned in the middle of two initial slices. The 3D interpolated model has a more natural shape, without the typical saw-tooth trend otherwise obtained.
A dynamic region-growing algorithm was used for airway ROI segmentation. The algorithm starts from a seed-point selected by mouse-clicking the structure of interest. This technique is even better than those based on global or adaptive threshold since it does not require any highlighted area of interest. The region-growing algorithm used allows an easy selection of pixels having brightness affinity with the given seed-point (Figure 2A,B ). After the segmentation procedure, an edge-detection algorithm extracts the useful data for the airway volume reconstructions. In Figure 2B the red circle highlights the selected seed-point, whereas the blue contour represents the edge of the segmented ROI. The growing procedure checks if the pixel is within the image, if the pixel has not already been added to the ROI and if the value of the pixel satisfies the threshold condition. If these conditions are met the pixel is then added to the ROI. The value of the threshold used is set using the Otsu algorithm 22 . PRS patients may show severe upper airway stenosis ( Figure  3A,B) . Considering that the patients we studied are not intubated (to avoid any airway calibre distortion), the airway can be very narrow ( Figure 3C ). In these cases the region-growing procedure results in an incomplete segmentation and consequently affects the 3D-VR model.
For these reason, an advanced version of the described region-growing algorithm was used. The new algorithm requires the selection of two points in the slices at the level of the stenosis: the first inside the ROI and the second on the surrounding tissues ( Figure 4A,B) .
ROI segmentation was also used for 3D-VR reconstructions, allowing a panoramic view of the upper airway morphology, providing useful information on the severity of the disease, and aiding surgical planning ( Figure 5A : control patient; Figure 5B : PRS patient). The ROI edges extraction process is followed by three main post-processing steps, leading to 3D-VR reconstructions: (i) isosurface extraction from (2) 20, 21 . Specificity and sensitivity values were calculated through equations (3) and (4) . Results obtained with the proposed regiongrowing approach and the manually segmented ROIs produced by an experienced radiologist, were compared.
(1)
(3) (4) where: N M is the segmented area manually selected by the radiologist; N A is the automatic segmented area using the proposed approach; N T P is the number of true positive voxels; N F P is the number of false positive voxels.
Results
An initial graphic assessment of the 3D model obtained highlights some features for a first quantitative analysis. In particular, in PRS patients it is possible to see a high value of the standard deviation (SD) associated with "section irregularities" of the segmented and extracted ROIs (Table 2) . Moreover, it is possible to note a lower volume in PRS patients compared to healthy patients. Table 3 shows the mean values of Jaccard and Dice 20,21 indexes and their relative SD with the corresponding sensitivity and specificity values. Table 4 shows sensitivity and specificity ratios.
The data collected from healthy patients revealed a regular pattern with a well appreciable calibre of the laryngeal-pharyngeal tract showing a mean CSA of 33.7692 mm 2 . Instead, in PRS patients, the upper airways showed an irregular pattern and a severely reduced CSA with a mean value of 8.3808 mm 2 . In one case we found a severe stenosis of the air duct, but in all PRS cases we found a significantly lower mean CSA (about -75%). Also comparing the mean CSA SD of control (2.8891 mm 2 ) vs PRS (6.8758 mm 2 ) datasets it was possible to see the irregularity of the airways in PRS patients.
Discussion
Upper airway patency is the focus key point for patients with PRS. The risk of spontaneous desaturation or asphyxiation episodes during feeding or sleeping requires continuous monitoring of these young patients.
The similarity indexes (Jaccard and Dice mean indexes are 91.69% and 94.07%, respectively) and specificity and sensitivity ratios (mean values are 96.69% and 98.03%, respectively), used to evaluate the region-growing based approach, showed a good segmentation performance. Even if consensus exists for treating mild cases with prone positioning alone or for treating with tracheostomy cases with severe subglottic obstructions, there is still an ongoing controversy on whether and how many of the remaining mild cases will have a catchup growth of the underdeveloped mandible. As brilliantly summarized by Mackay in his analysis of controversies in the diagnosis and management of PRS 12 , approximately 70% of all patients with PRS will be successfully managed by prone positioning alone, while in rare cases tracheostomy will be necessary (10%). Major controversy exists on what to do in the remaining 20% of patients with PRS. In addition, we cannot forget the morbidity and mortality rate of tracheostomy in infants [13] [14] [15] .
The possibility to measure upper airway volume to choose patients eligible for surgery could be decisive for patients' outcome. The preliminary results seem to meet the requirements for this kind of evaluation and the developed segmentation algorithm may be integrated in a medical decision support system. If ad-hoc developed and implemented to segments of PRS patient airways, our tool has some limits. First, our method depends on breathing so we decided to acquire all examinations in mildly sedated patients without a respiratory synchronized protocol, avoiding general anaesthesia and/or tracheal intubation to reduce modifications of airway calibre. However cases with thin parts membranecea of the trachea acquired in full inspiration may need an additional manual editing reconstruction to avoid false overestimation of the narrow sections. The second limitation of our study is the sample population. Even if our population was small, the overall low incidence of PRS cases should also be considered and, among these, those who require surgical treatment (30% of all) 2, 8, 15 .
Considering these limits, our segmentation tool represents a very easy way to make Figure 4 The advanced region-growing algorithm. The algorithm requires the selection of two points in the slices at the stenosis level: the first is inside the ROI, while the second is on the surrounding tissues. A) The original slice with evident stenosis. B) The zoomed detail of airway neighbourhood with the superimposed red straight between the ROI and the surrounding tissue.
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and a multidisciplinary evaluation and management should probably be considered the optimal option to achieve the best outcome for each single patient. In an attempt to contribute to this controversial aspect of the syndrome, we believe that the algorithm proposed could be helpful in the discrimination of severe respiratory impairment in PRS cases. a quantitative analysis of airway volume. The tool also provides three-dimensional reconstructions, which represent the best intuitive images for surgeons, who usually prefer a panoramic view of the structure they are going to treat. The evolutions of this heterogeneous but rare disease remain controversial together with the treatment options. Today case-by-case analysis 
